INTRODUCTION
The inability of a host to control immune inflammation is a key pathological feature for the development of autoimmune diseases, including type 1 diabetes (T1D). 1, 2 There is growing interest in the use of adoptive cell transfer (ACT) therapies involving regulatory T cells (Tregs) as a means to control host responses, given their essential role in limiting both innate and adaptive immune activation. 3 A key component of the therapeutic activity of Tregs resides in their capacity to exert their function(s) as "living drugs." 4, 5 Specifically, Tregs function to maintain dominant peripheral tolerance by consuming growth factors of pathogenic T cells and exerting their tissue-directed suppressive activities through an array of anti-inflammatory biochemical pathways, expression of co-inhibitory receptors, and production of immunoregulatory cytokines. 6 These seemingly redundant mechanisms allow Tregs to track to various tissues to suppress host inflammation in a tissue-and context-dependent manner. More recent studies have also suggested that Tregs may play an important role in tissue repair following damage, [7] [8] [9] extending their potential benefits to the field of regenerative medicine.
T1D is a tissue-specific autoimmune disease characterized by the targeting of insulin-producing b cells in the pancreatic islets, primarily through the activity of autoreactive T effector cells (Teffs) . A number of immunotherapeutic interventions have been conducted in patients with T1D, with the ultimate goal of altering the effective balance of cells to restore regulation by Tregs. At least two major approaches have been taken in this regard. First, agents have been used to target and selectively deplete autoreactive Teffs, with notable therapeutic responses observed following treatment with alefacept (a fusion protein disrupting the CD2:LFA3 interaction) 10 and tepilizumab (anti-CD3) 11 as monotherapies and anti-thymocyte globulin (ATG) for leukocyte depletion in combination with the stem cell mobilizing agent granulocyte colony-stimulating factor (G-CSF). 12 One of the most potent interventions to date employed the combination therapy of autologous nonmyeloablative stem cell transplant plus preconditioning with cyclophosphamide and G-CSF along with high doses of ATG [13] [14] [15] [16] or the chemotherapeutic agent fludarabine.
T1D
patients who received these therapies experienced a significant remission, some for 4 years or longer, and were able to stop exogenous insulin. However, significant side effects limit the use of such aggressive protocols, particularly in the setting of pediatric patients. The second major approach involves the administration of therapies to bolster the regulatory arm of the T cell compartment. In this regard, efforts have been made to treat subjects with T1D with exogenous low-dose interleukin-2 (IL-2), a selective Treg growth factor. 18 Alternatively, autologous polyclonal Tregs can be isolated from peripheral blood and can also be bolstered by ex vivo expansion prior to ACT therapy. Initial phase I dose escalation trials conducted in subjects with graft versus host disease (GvHD) [19] [20] [21] and subjects with recent-onset T1D 22, 23 have demonstrated both initial persistence and safety. Although not powered to assess efficacy, these initial T1D trials did observe subjects who maintained relatively stable C-peptide responses when assessed by mixed-meal tolerance tests. Moreover, preliminary data from these efforts suggested that Treg persistence correlated with preservation of C-peptide in a number of subjects.
Umbilical cord blood (CB) has been used as a source of hematopoietic stem cells (HSCs) for transplantation since 1988. 24, 25 HSC therapies can restore function in patients suffering from malignancies, bone marrow failure disorders, inborn errors of metabolism, and immunological disorders. 26 Harvested cord blood units (CBUs) can also be used as a source of naive Tregs that have been established as a potential treatment to control xeno-GvHD, 27 and multiple phase I clinical trials evaluating the safety of Treg ACT therapy in GvHD have reported that ex vivo-expanded, partially human leukocyte antigen (HLA)-matched Tregs from non-autologous CBUs are well tolerated. 28, 29 We have previously demonstrated that the infusion of autologous, cryopreserved CB (cryoCB) alone 30 or in combination with oral docosahexaenoic acid and vitamin D is safe in subjects with T1D. 31 However, this unmanipulated CB product contains only a minor fraction of Tregs, which may explain the inability of these therapies to preserve C-peptide production. 32 We hypothesized that a pure population of naive Tregs with high proliferative capacity could be isolated from cryoCB units (cryoCBUs) and expanded to therapeutically efficacious cell numbers. This approach may have several potential advantages over peripheral blood Tregs. CB is increasingly stored at birth, and acquisition of this material does not require a large-volume blood draw or leukapheresis procedure that may be onerous in pediatric patient populations. 3 In addition, CB yields a highly naive repertoire of Tregs, presumably prior to the expansion of any pathogenic autoreactive Teff populations that could potentially contaminate a Treg preparation when isolated from T1D patients at the time of disease onset. Moreover, evidence from both animal models and human in vitro studies suggests that naive Tregs exhibit increased long-term phenotypic stability compared with memory Tregs, and this notion is also reflected in the epigenetic profile of these cells. 33, 34 In this study, we developed a protocol to isolate CB-derived CD4 +
CD25
+ CD127 lo/À Tregs (CB Tregs) and expand them for potential autologous Treg ACT therapeutic applications. By utilizing fluorescence-activated cell sorting (FACS) for isolation, an extremely pure population of Tregs can be isolated and induced to proliferate to therapeutic doses consistent with prior trial efforts. 23 Our resulting protocol was then validated under good manufacturing practices (GMP) conditions and demonstrated to meet both clinical and sterility release criteria consistent with a prior Treg trial. 23 Our GMP protocol resulted in a highly pure and potent population of Tregs that maintained their canonical phenotypic and functional qualities. Our data demonstrate that Tregs derived from cryoCB (cryoCB Tregs) can be effectively isolated and expanded with a purity and potency comparable with Tregs isolated from CB or adult peripheral blood (APB). Overall, these results support additional testing of cryoCB Tregs as a potential therapy for the treatment of T1D and other inflammatory and autoimmune diseases. 27 Hence, we found FACS isolation of CD4 + CD25 + CD127 lo/À Tregs to be sufficient and necessary, even in the setting of CB, for producing a highly pure end FOXP3 + Helios + Treg without the need for additional immunosuppressive agents (e.g., rapamycin) that negatively affect expansion kinetics. 36 We observed variance in the Treg staining profiles in APB compared with fresh and cryoCB; however, the CD4 + CD25 + CD127 lo/À Treg population was readily distinguishable from conventional CD4 + T cells (Tconvs) for all samples. Treg recovery was comparable across all three sources (Figure 1B) . We did note that the post-sorting purity of CD4 + CD25 + CD127 lo/À Tregs (by extracellular markers, attained by taking part of the sorted product and rerunning it through the sorter) was modestly reduced immediately post-sorting in cryopreserved versus fresh CB Tregs (APB Tregs = 99.0% ± 0.82%, CB Tregs = 99.47% ± 0.41%, cryoCB Tregs = 96.91% ± 1.49%, ****p < 0.0001; Figure 1C ). However, we note that this reduction in post-sorting marker stability did not negatively affect the final purity of the Treg population postexpansion, as demonstrated below.
RESULTS

Identification and
The number of cells that can be initially isolated has the potential to dictate therapeutic dosing capacity and even subsequent clinical efficacy. We observed that the Treg yield was comparable in CBUs versus cryoCBUs ( Figure S1A) . When the precise volume of CB collected after child birth could be determined from the CBU documentation, we observed the average number of cryoCB Tregs recovered per milliliter of CB to be 3.22 Â 10 3 (SD = 1.65 Â 10 3 , n = 9) compared with a higher mean value from CB of 7.19 Â 10 3 (SD = 2.96 Â 10 3 , n = 11, **p < 0.01; Figure S1B ). Because storage and processing procedures vary for any CB bank, we compared the yield of Tregs from both academic research and private industry sources. Overall, the private banks did yield a higher average number of Tregs ( Figure S1C) ; however, we noted that the samples were selected from a large number of available research units, and this pre-selection bias will not be feasible for autologous patient units. We therefore sought to identify a surrogate indicator of potential Treg cell yield from information uniformly recorded. When we analyzed three sources of cryoCB ( Figure S1C ). We did not see any significant correlation between pre-cryopreservation total nucleated cell (TNC) count and Treg yield ( Figure S1D ), nor did we observe any effect of CB storage duration on Treg recovery ( Figure S1E ).
We also tested the feasibility of isolating cryoCB Tregs from the partitioned 20% fraction of cryoCBUs (a divided chamber of the cryoCBU consisting of about 20% of the total volume) to leave the remaining 80%-fraction of the unit for future treatments. Following the same methods stated previously for thawing and cell isolation, we found that, on average, 30,044 ± 6,035 cryoCB Tregs could be FACS-purified from the 20%-fraction (n = 5; Table 1 ). Following stimulation and expansion using protocol 2, we found that 1.98 Â 10 8 ± 7.02 Â 10 7 cryoCB Tregs could be obtained and used for potential autologous ACT therapy (Table 1) . Based on these results, it would appear that isolation and expansion of even a minor fraction of a cryoCBU is feasible, but the downstream utility of this will require dose-finding studies for determining the necessary cell numbers for ACT.
Tregs Derived from CryoCBUs Retain Their Lineage Characteristics and Suppressive Phenotype
We developed and optimized methods for the expansion of cryoCB Tregs utilizing methods adapted from Putnam et al. 36 Tregs were isolated from both fresh and cryoCBUs, and these were compared with Tregs derived from APB. Tregs were expanded in vitro according to three unique protocols (from this point forward referred to as protocols 1-3), as described under Materials and Methods and depicted in Figure S2 . Briefly, all three protocols included T cell stimulation on days 0 and 9 along with the presence of exogenous IL-2 in the culture medium. Protocol 1 was a 14-day expansion schedule that utilized an anti-CD3 (clone OKT3) loaded human K562 erythroleukemia-type artificial antigen-presenting cell (aAPC) line (KT/64/86; aAPCs expressing CD64 and CD86) on day 0, followed by anti-CD3/anti-CD28 bead restimulation on day 9. Because beads offer the advantage of off-the-shelf GMP compliance, protocols 2 and 3 did not include aAPCs but, rather, utilized anti-CD3/anti-CD28 beads for each round of T cell stimulation. For protocol 2, analyses were performed on day 27, whereas protocol 3 initially involved an expected 23-day expansion schedule but was subsequently shortened when we observed a sufficient Treg yield on day 16 for a targeted therapeutic dose for ACT (as shown below).
We first compared expansion from CB Tregs versus cryoCB Tregs and found that neither cell yield nor fold expansion were diminished by prior cryopreservation with expansion by protocol 1 (Figures 2A-2C ) or protocol 2 ( Figures 2D-2F ). CB-derived Tregs, whether cryopreserved or freshly isolated, had increased proliferative capacity compared with APB Tregs (**p < 0.01 and *p < 0.05, respectively; Figure 2C). When protocol 1 and protocol 2 were directly compared, we found that CB and cryoCB Treg counts were similar on day 14 (the final day of protocol 1; p = 0.65 and p = 0.42, respectively). However, protocol 2 offered a higher mean Treg yield, although we observed greater variation across runs, likely because of the third round of stimulation with anti-CD3/anti-CD28 GMP beads and extended duration of culture. Using protocol 3, we found that Tregs expanded efficiently ( Figures 2A, 2D , and 2G), yielding numbers sufficient for a therapeutic dose (estimating a 1.2 Â 10 9 cell requirement to yield 30 Â 10 6 cells/kg for an average 40-kg pediatric patient by day 16 ( Figure 3H ). We thus determined that protocol 3 offers the optimal GMPcompliant approach for CB Treg expansion based on off-the-shelf reagent availability and expansion parameters.
We next examined APB, CB, and cryoCB for post-expansion Treg purity and CD8 + T cell contamination according to the University of California, San Francisco (UCSF) phase 1 trial clinical release criteria for polyclonal Tregs expanded from APB. 23 Additionally, we assessed post-expansion suppressive function from cryopreserved expanded Treg preparations. Clinical microbiology release criteria were evaluated from culture aliquots collected at multiple time points throughout the expansion period, and all tests for endotoxin as well as bacterial and fungal contamination were found to be negative.
As expected, the CD4 + T cell population was almost entirely composed of FOXP3 + Helios + Tregs in both CB and cryoCB Treg expansions, whereas Treg purity was significantly lower in cells expanded from APB (protocols 1 and 2, ****p < 0.0001; Figure 3A ). Indeed, all expanded CB and cryoCB Treg preparations greatly surpassed the release requirement for R60% FOXP3 + . 23 Epigenetic analysis of the Treg-specific demethylated region (TSDR) within the FOXP3 conserved non-coding sequence 2 (CNS2) locus confirmed that thymic Treg purity was greatest among Tregs isolated and expanded from fresh or cryopreserved CB (protocol 1: CB = 97.8% ± 1.0%, cryoCB = 96.9% ± 3.5%; protocol 2: CB = 92.1% ± 4.6%, cryoCB = 93.9% ± 8.2%; protocol 3: cryoCB = 89.0% ± 9.8%). APB Tregs demonstrated significantly less demethylation at the TSDR compared with cryoCB Tregs (protocol 1: mean = 78.5% ± 10.8%, **p < 0.01; protocol 2: mean = 80.9% ± 11.2%, **p < 0.01; Figure 3B). As expected, CB Tconv control cells exhibited nearly complete methylation of the TSDR (3.8% ± 2.6% demethylated, n = 5; A benefit of using the 20% fraction (a divided chamber of the cryoCBU consisting of about 20% of the total volume) is that the remaining 80% can be used for future autologous therapies when needed. To determine the feasibility of using a 20% fraction to derive cryoCB Tregs from a cryoCBU, we isolated and expanded cryoCB Tregs using protocol 2 (Materials and Methods). Using FACS, 3.3044 Â 10 4 ± 6.035 Â 10 3 cryoCB
Tregs were isolated (n = 5) and expanded to 1.98 Â 10 8 ± 6.28 Â 10 7 cells.
www.moleculartherapy.org Figure 3B ). CD8 + T cell contamination was minimal, particularly in cells expanded from CB (protocol 1: APB Tregs = 0.8% ± 0.4%, CB Tregs = 0.4% ± 0.3%, cryoCB Tregs = 0.5% ± 0.3%; Figure 3C ), presumably from the lower frequency of CD8 + T cell in CB. 37 Again, these values were well below the clinical release criteria of %5% CD4 À CD8 + contamination. Correspondingly, for each protocol, >99% of expanded cryoCB Tregs were CD4 + , in accordance with the polyclonal APB Treg release criteria. 23 Notably, interferon g (IFN-g) production was significantly higher among Tregs isolated and expanded from APB (protocol 1, 7.5% ± 3.2%; protocol 2, 9.7 ± 4.4%) compared with both fresh and cryopreserved CB preparations (protocol 1: CB = 1.8% ± 0.9%, **p < 0.01; cryoCB = 1.7% ± 0.9%, **p < 0.01; protocol 2: CB = 2.2% ± 1.2%, **p < 0.01; cryoCB = 2.2% ± 1.2%, **p < 0.01; Figure 3D ). CD4 + T cells from CB, as expected, have nearly uniform expression of the CD45RA isoform characteristic of naive T cells ( Figure 3E ). Importantly, we observed that Tregs expanded from CB retained high levels of CD45RA expression, even following in vitro expansion ( Figure 3F ), in contrast to expanded APB Tregs that convert to the CD45RO isoform. 38 Finally,
Tregs were evaluated for functional suppressive capacity after expansion. Importantly, Tregs expanded from cryoCB, CB, and APB all demonstrated the ability to suppress both polyclonal CD4 + and CD8 + T cell responses ( Figure 4 ).
CB Tregs Exhibit a Highly Diverse Receptor Repertoire that Is Maintained following Expansion
Treg T cell receptor (TCR) diversity has been demonstrated to be beneficial in maintaining self-tolerance. 39 Moreover, a report Figure S1 . p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
by Yang et al. 40 demonstrated a distinctive murine TCR repertoire among Tregs generated early in development during the perinatal period, which exhibit less clonal expansion and are uniquely capable of defending tissues against autoimmune destruction compared with Tregs derived from adult mice. Therefore, we sought to determine the relative diversity of the polyclonal Treg populations derived from CB relative to those observed in APB Tregs. For this analysis, we conducted immunosequencing of the complementarity-determining region 3 (CDR3) b chain loop of the TCR (TCRb), a highly variable region formed as a result of TCR V(D)J gene segment recombination that serves to engage antigen peptides presented by HLA molecules. 41 We compared Treg TCRb V-gene (TRBV) and J-gene (TRBJ) frequencies preand post-expansion from either CB or APB and found that V-gene ( Figure 5A ) and J-gene ( Figure 5B ) distributions were not noticeably changed as a result of expansion for either Treg source. Similarly, upon evaluating the frequency of CDR3 sequence lengths, for which a non-Gaussian distribution would indicate a monoclonal expansion, we observed a normal distribution with a mean length of 42 amino acids (aa) in both pre-and post-expansion Tregs ( Figure 5C ).
In assessing TCR diversity, we quantified CB Treg productive clonality, a score of the sample productive diversity normalized to sample productive entropy. A productive clonality score near 1 would indicate very few productive rearrangements (monoclonal) and little TCR diversity, whereas a score near 0 would indicate a more polyclonal sample. For CB Tregs, productive clonality did www.moleculartherapy.org not significantly change during expansion (n = 5; NS, p = 0.15, twotailed paired Student's t test; Figure 5D ). A pre-expansion productive clonality of 1.64 Â 10 À3 ± 8.82 Â 10 À4 increased to 2.60 Â 10 À3 ± 1.70 Â 10 À3 post-expansion, indicating that CB Tregs express a very diverse receptor repertoire both before and after expansion. For perspective, previous studies have observed the mean productive clonality of unexpanded peripheral blood Tregs obtained from three children (9.2-16.1 years old) to be 5.05 Â 10 À2 ± 5.09 Â 10 À3 (n = 3), 42 and, similarly, we discovered unexpanded naive T cells obtained from APB to be 6.03 Â 10 À2 ± 2.78 Â 10 À2 ( Figure 5D ). Additionally, APB Tregs were FACS-purified from a single T1D patient sample from clinical trial NCT01210664, 23 and the productive clonality value was found to be 6.10 Â 10 À2 (n = 1; J.A.B., unpublished data). Taken together, these data imply a substantial reduction in Treg TCR repertoire diversity from infancy to adulthood (*p < 0.0001).
DISCUSSION
T cells for ACT therapies have been applied for treatment of certain cancers and infections (reviewed by Busch et al. 43 ), and clinical trials of autologous Tregs, harvested by leukapheresis and expanded from peripheral blood, have demonstrated safety in adults with immunemediated disorders, including GvHD and T1D. 22, 23 Although peripheral blood offers a large pool of available cells, an increasing number of peripheral blood T cells adopt a terminally differentiated memory phenotype with subject age, reducing expansion capacity and the likelihood of successful engraftment and survival. 43 Conversely, CB-derived Tregs are far less likely to adopt a memory phenotype given the lack of central and effector memory subsets. As such, CB Tregs may offer an optimal population of CD28 + CD27 + naive Tregs with improved purity following FACS isolation from CB versus peripheral blood and capacity for greater stability during extended expansions, facilitating long-term engraftment. 44 CryoCB Tregs, therefore, are a potentially optimal source for autologous Tregs for ACT therapies.
Infusion of autologous whole CBUs was shown to be safe but did not preserve C-peptide in pediatric T1D patients, 30 suggesting a potential need for higher doses of Tregs. This prompted the development of a GMP-compliant protocol to expand Tregs from cryoCBUs to produce a highly pure and functionally suppressive cell population for autologous ACT therapy. Here we compared three expansion www.moleculartherapy.org protocols using Tregs isolated from fresh and cryoCB as well as APB. Although protocol 1 is well validated, it utilizes aAPCs and, therefore, presents reagent and GMP production challenges. Protocol 2 is GMPcompliant and utilizes multiple microbead restimulations to yield the greatest number of expanded Tregs. Unfortunately, the microbeads, which bind more effectively to cells, are difficult to remove from cultures, and, at the time of these experiments, had not yet been validated for clinical release criteria (although the microbeads have since been used in the ThRIL trial 45 ). Protocol 3 utilized GMPapproved materials for expanded T cell products suitable for testing in humans that have been successfully utilized in a phase I trial of APB Tregs. 23 The post-sorting purity was lower from cryopreserved versus fresh CB, but expansion curves were nearly identical from the two sources of CB. Meanwhile, both CB and cryoCB Tregs expanded more efficiently than Tregs from APB. A critical requirement for any effective Treg ACT therapy is that it must produce suppressive, lineage-stable Tregs that do not produce inflammatory cytokines. CryoCB Treg expansion products from the three unique protocols performed comparably in an analysis of Treg-suppressive capacity and stability (defined as FOXP3 and Helios co-expression and demethylation of the FOXP3 TSDR). Importantly, expanded cryoCB Tregs met previously determined clinical release criteria pertaining to the percentage of cells that maintain FOXP3 positivity, low CD8 + T cell contamination, and sterility. 23 The target dose is not yet determined, but a dose escalation trial using Tregs expanded from ABP has demonstrated safety with doses as high as 2.9 Â 10 9 infused Tregs. 23 We were able to expand cryoCB Tregs to numbers near and even above this value. Additional clinical studies are needed to definitively identify the target dose for patients with T1D. As an initial phase I trial, we propose to move forward, specifically, with the goal of treating pediatric subjects with T1D in a dose escalation safety trial (at 10, 20, and 30 Â 10 6 Treg/kg body weight). These doses are in line with prior clinical trials using peripheral blood Tregs. 22, 46 Current expansions were performed using Tregs isolated from the complete CBU, and ongoing efforts are needed to generate Treg expansions from a fraction of the CBU to allow for potential repeat dosing.
Tissue distribution of T cells is controlled by the specificity of the TCR. 47 Moreover, activation through the TCR is required for Tregsuppressive activity. Hence, we asked how the diversity of CB Treg TCRs compared pre-and post-expansion by conducting next-generation sequencing of the TCR b-chain (TRB) locus. The data support the notion that our in vitro expansion protocol induces broad expansion of all clones without significant deviations toward oligoclonality. The b-chain V-gene frequency and the sample clonality indicate that, although the TCR diversity decreases slightly during in vitro expansion, post-expansion CB Tregs remain far more polyclonal than APB Tregs. 42 This has important implications when considering the use of APB or CB as a source of Treg material, either fresh or following TCR or chimeric antigen receptor (CAR) gene transfer approaches, which are increasingly in development, particularly given the successes in animal models using TCR-transgenic Tregs. 48 This notion of an optimal Treg cell population will provide for optimal suppression of tissue-reactive Teff populations while also minimizing the potential for untoward immunosuppression of pathogens and potential tumor antigens. We argue that due to their uniquely thymic origin, CB Tregs contain receptors capable of seeding a wide variety of peripheral tissues early in life, would lack any enriched clones of pathogens that may become enriched through chronic infection in life (e.g., to cytomegalovirus [CMV] or Epstein-Barr virus [EBV]), and would lack Tregs arising to neo-antigens that suppress protective tumor immunity. 49 Additionally, CB Tregs will remain subject to the normal homeostatic controls of a host, including the ability to attenuate suppression in the instance of acute viral infection. 50 As a whole, these data suggest that our new GMP-compliant protocol yields cells suitable in number, phenotype, and function for testing as a potential treatment in humans with autoimmune disease, including T1D.
These expanded cryoCB Tregs would provide a practical alternative to the need for a large-volume blood draw or leukapheresis procedure currently needed for autologous ACT therapy, a benefit of particular importance for pediatric T1D patients. That said, unlike peripheral blood collection, the singular opportunity to store autologous CB creates a situation in which efforts to utilize fractions of stored CBUs, facilitated by multi-compartment storage bags, are needed to allow for longitudinal treatment regimens. Given the high safety profile observed with whole CB infusion 30 as well as peripheral blood Treg ACT therapy, 5, 23 we expect autologous CB Treg ACT therapy to be well tolerated. Moreover, expanded CB Tregs may offer an allogeneic cell source when autologous cell therapy is demonstrated to be safe. Indeed, allogeneic cells (when sufficiently major histocompatibility complex [MHC]-matched) from CB donors without T1D or associated risk alleles might offer improved therapeutic benefits given the potential advantages of non-autoimmune background genetics and intrinsic function as well as greater availability from a broader patient base.
In summary, Tregs can be consistently isolated from cryoCBUs using standard methods and reagents and stimulated to expand into a number of cells that can be considered within therapeutic dose ranges of prior trials. Therefore, the findings reported here support continued testing of Tregs expanded from cryoCB for safety and efficacy as a potential treatment to prevent or cure T1D.
MATERIALS AND METHODS
Sample Collection and Mononuclear Cell Isolation
"Fresh" CB (fresh is defined as processed within 48 hr of cord blood draw) was collected by New York Blood Center's National Cord Blood Program into CBUs containing 35 mL of citrate phosphate dextrose (CPD) anticoagulant. 51 CBUs (n = 11) were then shipped to the University of Florida Diabetes Institute laboratories and immediately processed for isolation of cord blood mononuclear cells (CBMCs) by density gradient centrifugation (Ficoll-Paque PLUS, GE Healthcare).
CryoCBUs (n = 19) were obtained from private cord blood banks (Cbr Systems and ViaCord, a subsidiary of PerkinElmer) or through anonymous donation to a UF biorepository of cryopreserved research CBUs obtained from LifeCord, a public cord blood bank. CryoCB was collected and processed according to the standard operating procedures of the individual banks from units meeting NetCord-FACT International Standards for Cord Blood Collection, Banking, and Release for Administration, most notably at a minimum gestational age of 34 weeks, but with additional exclusion criteria including infectious diseases in the mother, severe pregnancy complications, or premature delivery with a birth weight of less than 1,500 g or when perinatal asphyxia is present in the fetus, and cell counts. 52 All samples were obtained under Institutional Review Board (IRB)-exempt approved protocols at UF (non-human exempt protocol IRB201300072). CryoCBUs were thawed as described previously, 53 resuspended in 60 mL of dextran-HSA wash solution (divided into two 50-mL conical tubes), allowed to warm to room temperature, and underlaid with 15 mL Ficoll-Paque PLUS per conical tube for density gradient centrifugation and CBMC isolation.
Peripheral blood was collected after informed consent, in accordance with the IRB at UF (protocol IRB201400703), from healthy control subjects (mean age, 28.8 ± 5.4 years; range, 22.5-38.7 years; n = 19) in sodium-heparinized Vacutainer tubes (Becton Dickinson) and processed within 24 hr for isolation of peripheral blood mononuclear cells (PBMCs) by density gradient centrifugation (Ficoll-Paque PLUS, GE Healthcare).
Sample Processing and Isolation of T Cells by FACS
Unless otherwise noted, cell isolation and culture guidelines, including cell numbers, volumes, and respective culture flasks, have been described previously. 36 For research-grade Treg expansions, T cells subsets were isolated on a FACSAria III high-speed cell sorter (BD Biosciences) with the following antibodies: CD4-Pacific Blue (clone RPA-T4), CD127-PE (clone hIL-7R-M21), and CD25-APC (clone 2A3). CD4 + CD25 + CD127 lo/À Tregs and CD4 + CD127 + Tconvs were sorted into 400 mL of fetal bovine serum (FBS, United States Department of Agriculture [USDA]-approved origin, Atlanta Biologicals) using an aseptic technique. For protocol 3, Treg isolation was described previously. 23 
In Vitro Expansion Procedures
Given the naive and highly refractory nature of CB Tregs, we tested a number of stimulation conditions and expansion durations to optimize final cell yield and purity. This entailed the use of activating aAPCs and/or activation with commercially available antibody-conjugated microbeads. Cell culture volume and flask recommendations are listed in Table S1 . The conditions for these three protocols can be visualized in Figure S2 and are outlined below. FACS-isolated cells were plated according to Putnam et al. 36 aAPCs were prepared from KT64/86, a K562-derived cell line constitutively expressing high-affinity Fc receptor, CD64, and CD86 for co-stimulation (a kind gift from Drs. James Riley and Bruce Levine, University of Pennsylvania). aAPCs were generated, cultured, and prepared for co-culture as described previously. 54, 55 Briefly, Fc-binding receptors on KT64/86 were pre-cleared of serum immunoglobulins by culture in serum-free medium (SFM) overnight and then irradiated at 10,000 rad. Anti-CD3 (clone OKT-3, Miltenyi Biotec) monoclonal antibody (mAb) was loaded on KT64/86 at 1 mg/10 6 cells at 4 C for 30 min, washed twice with SFM, and cryopreserved in CryoStor CS10 (BioLife Solutions). After Treg FACS purification (described above), KT64/86 aAPCs were added to culture at a 1:1 aAPC-toTreg cell ratio. CB Tregs and cryoCB Tregs were expanded in complete RPMI 1640 (cRPMI)-consisting of RPMI 1640 (Life Technologies) supplemented with 10% FBS (Atlanta Biologicals), 1 M HEPES, 1 mM sodium pyruvate, 100Â minimum essential medium (MEM) non-essential amino acid solution, 50 mM 2-mercaptoethanol (2-ME), and 100 U penicillin/streptomycin (Gibco)-plus 600 IU/mL Proleukin (human recombinant IL-2 [hrIL-2], Prometheus Laboratories). APB Tregs were expanded in cRPMI plus 300 IU/mL Proleukin (hrIL-2, Prometheus Laboratories). On day 2, the culture volume was doubled, and IL-2 was added (at the aforementioned concentrations, assuming consumption). Cells were resuspended, and fresh medium and IL-2 were added on days 4, 6, 8, 11, and 13. On day 9, cells were restimulated with Dynabeads (human T-activator CD3/CD28 for T cell expansion and activation, Dynal Invitrogen) at a 1:1 ratio. 1 bead-to-cell ratio. CB Tregs and cryoCB Tregs were expanded in cRPMI plus 600 IU/mL Proleukin (hrIL-2, Prometheus Laboratories). APB Tregs were expanded in cRPMI plus 300 IU/mL Proleukin (hrIL-2, Prometheus Laboratories). On day 2, the culture volume was doubled, and fresh IL-2 was added (at the aforementioned concentrations, assuming consumption). Cells were resuspended, and fresh medium and IL-2 were added on days 4, 6, 8, 11, 13, 15, 17, 20, 22, 24 , and 26, assuming consumption. On days 9 and 18, cells were restimulated with fresh anti-CD3/anti-CD28-coated beads at a 1:1 ratio. Except where noted, protocol 3 followed the previously published protocol. 38 Briefly, FACS-isolated cells were plated and activated with Dynabeads at a 4:1 bead-to-cell ratio. Cells were cultured either in X-VIVO 15 or in X-VIVO 15 customized by Lonza by substituting 100% of the glucose in the base medium with D-glucose (6,6-2H2, 99%) (Cambridge Isotope Laboratories, catalog no. DLM-349-MPT) supplemented with 10% human heatinactivated pooled APB serum. On day 2, the culture volume was doubled, and IL-2 was added (300 IU/mL, Proleukin). Cells were resuspended, and fresh medium and IL-2 were added (600 IU/mL, Proleukin) on days 5, 7, 12, and 14, assuming consumption. On day 9, cells were restimulated with additional Dynabeads at a 1:1 ratio.
Additionally, the final release criteria for this protocol require that the final cell product be evaluated for purity (%5% CD8 + cells, <100 beads/3 Â 10 6 cells, and endotoxin %3.5 endotoxin units [EU]/mL), phenotype (R95% CD4 + cells and R60% FOXP3 + ), sterility (negative for mycoplasma, anaerobic and aerobic bacteria, gram stain, fungal culture, potassium hydroxide [KOH] exam), and viability (R85%). 23 
Analysis of Populations Pre-and Post-expansion
Phenotypic analyses and suppression analysis were performed in batches on rested cells 1 day after thawing post-cryogenic storage. Following in vitro expansion, Tregs were evaluated for continued expression of CD4, CD8, CD25, CD127, FOXP3, Helios, and IFN-g. On day 14 (protocol 1), day 27 (protocol 2), or day 16 (protocol 3, Figure S2 ), 2 Â 10 6 cells were removed from culture and activated for 4 hr with phorbol myristate acetate (PMA; 10 mg/mL) and ionomycin (500 nM) in the presence of GolgiStop (4 mL/6 mL of culture, BD Biosciences). Cells were then stained for surface markers (CD4-PE-Cy7, clone RPA-T4; CD8-APC-H7, clone SK1; CD25-BB515, clone 2A3; CD127-PE, clone hIL-7R-M21; 3 mL/test). Intracellular staining was achieved with the FOXP3 staining kit (BioLegend) according to the manufacturer's instructions and modified as follows. Cells were washed and fixed for 30 min at 23 C using fixation/permeabilization buffer. Cells were washed, resuspended in permeabilization buffer, and incubated overnight at 4 C. The next day, the samples were washed in permeabilization buffer. Cells were subsequently blocked with human immunoglobulin G (IgG) (5 mg/test) for 5 min and stained with anti-human FOXP3-PE (clone 259D, 5 ml/test) and Helios-Pacific Blue (clone 22F6, 5 mL/test). Flow cytometric data were collected on an LSRFortessa cytometer (BD Biosciences) and analyzed with FlowJo software (version 10.0.0.7r2, Tree Star).
Bisulfite Sequencing and TSDR Real-Time PCR Thymic Treg lineage commitment and stability are subject to epigenetic control at the conserved non-coding sequence 2 (CNS2) of the FOXP3 gene, 56 commonly referred to as the TSDR. 57 We assessed the degree of CpG demethylation at the TSDR of cultures following expansion by real-time PCR TSDR as described previously. 58 Genomic DNA was isolated from purified T cells using the DNeasy tissue kit (QIAGEN) following the supplier's recommendations. Bisulfite treatment of genomic DNA was performed with the EZ DNA methylation kit (Zymo Research). Briefly, 500 ng genomic DNA was sodium bisulfite-treated overnight at 50 C in the dark, followed by 10-min incubation on ice. After washing and desulphonation, bisulfite-converted DNA was eluted with 16 mL elution buffer.
Bisulfite-converted DNA samples were used for PCR amplification of FOXP3 TSDR fragments in a reaction volume of 50 mL containing 25 mL of ZymoTaq PreMix buffer (Zymo Research) and 0.5 mM each of the primers FOXP3_TSDRfw (ATATTTTTAGATAGGGA TATGGAGATGATTTGTTTGG) and FOXP3_TSDRrev (AATAA ACATCACCTACCACATCCACCAACAC). After activation at 95 C for 10 min, amplification was performed as follows: 50 cycles at 95 C for 30 s, at 55 C for 30 s, and at 72 C for 1 min. Amplified PCR products were purified with the QIAquick PCR purification kit (QIAGEN) and sequenced in both directions, applying the PCR primers and ABI Big Dye Terminator v1.1 cycle sequencing chemistry (Applied Biosystems), followed by capillary electrophoresis on an ABI 3100 genetic analyzer. Trace files were interpreted using ESME, a Linux system-based software that normalizes sequence traces, corrects for incomplete bisulfite conversion, and allows for quantification of methylation signals. For each sample, both PCR amplification and sequencing were repeated once. The primers used for sequencing reactions are the same as PCR amplification of bisulfite-converted genomic DNA.
TSDR real-time PCR was performed in 96-well white trays with a LightCycler 480 system (Roche Diagnostics) with a final reaction volume of 20 mL, containing 10 mL LightCycler 480 Probes Master Mix (Roche Diagnostics), 3 mL bisulfite-converted DNA sample or standards, and 1 mM of each primer (TSDR_Forward GGTTT GTATTTGGGTTTTGTTGTTATAGT, TSDR_Reverse CTATAAA ATAAAATATCTACCCTCTTCTCTTCCT). The probes (6-carboxyfluorescein [FAM]-labeled methylated FOXP3, CGGTCGG ATGCGTC; VIC-labeled unmethylated FOXP3, TGGTGGTTG GATGTGTTG) were added to a final concentration of 150 nM. All samples were analyzed in duplicate. After initial denaturation at 95 C for 10 min, the samples were subjected to 50 cycles at 95 C for 15 s and at 61 C for 1 min.
Various ratios of methylated and unmethylated FOXP3 TSDR template DNA were mixed and used to generate a standard curve. Genomic DNA extracted from sorted T lymphocytes, which are either fully methylated or unmethylated, were bisulfite-converted and used for PCR amplification of the FOXP3 TSDR fragment with the same pairs of primers and protocol as bisulfite-converted genomic DNA (described above).
Amplified PCR products were purified with the QIAquick gel extraction kit (QIAGEN). The concentration of purified DNA was determined with a GE NanoVue spectrophotometer (GE Healthcare). 17 differing ratios of methylated and unmethylated bisulfite-converted DNA mixtures were prepared and used as real-time standards to generate a standard curve.
In Vitro Suppression Assays
The in vitro-suppressive capacity of expanded Treg populations was determined based on their ability to suppress the proliferation of allogeneic CD4 + and CD8 + responder T cells derived from a single PBMC set from a healthy adult donor (standardized responder). PBMCs were harvested from whole blood by density gradient centrifugation (Ficoll-Paque PLUS, GE Healthcare) and cryopreserved in multiple aliquots ($10 Â 10 6 cells/vial). For each assay, an individual vial of
PBMCs was thawed and labeled with Cell Trace Violet (CTV, 2.5 mM, Life Technologies), whereas cryoCB and CB Tregs were freshly collected on either day 14 or day 21 of expansion and labeled with the cell proliferation dye eFluor 670 (1.25 mM, eBioscience) and plated at ratios of 1:1, ð1=2Þ:1, ð1=4Þ:1, ð1=8Þ:1, ð1=16Þ:1, and 1:0 Tregs to responder PBMCs (5 Â 10 4 Tregs at 1:0 condition) in 96-well round-bottom tissue culture plates (CellTreat) in 200 mL/well. All in vitro suppression assays were cultured in cRPMI. The cells were stimulated with soluble anti-CD3 (2 mg/mL, clone OKT3, BD Biosciences) and anti-CD28 (1 mg/mL, clone CD28.2, BD Biosciences) and incubated for 4 days at 37 C in a 5% CO 2 incubator. On day 4, the cells were harvested and stained with Live/Dead Yellow according to the manufacturer's protocols (Life Technologies), CD4-PE-Cy7 (clone RPA-T4, 3 mL/test), CD8-APC-H7 (clone SK1, 3 mL/test), CD25-BB515 (clone 2A3, 3 mL/test), and CD127-PE (clone hIL-7R-M21, 3 mL/test). CD4 + and CD8 + responder proliferation was assessed via flow cytometry. The responder populations were gated by forward scatter area (FSC-A) and side scatter area (SSC-A), and live cells were gated for CD4 + and CD8 + . Percent suppression was calculated as: 100 À [100 Â (percentage of proliferating cells with T reg present)/(percentage of proliferating cells without T resp present)]. Analysis was completed using FlowJo software (Tree Star, v10.2), and proliferation was determined based on the division index of live-gated responder populations.
T Cell Receptor b Chain Sequencing
Samples were sequenced using the immunoSEQ assay (Adaptive Biotechnologies) utilizing the deep-level resolution to identify and quantitate the TCR b chain (TRB). In brief, the somatically rearranged TRB was amplified from 159.36-1,200 ng genomic DNA using a two-step, amplification bias-controlled multiplex PCR approach, and libraries were sequenced with raw Illumina sequence reads demultiplexed and processed as described previously. 59 
